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Introduction: The abundant expression of leukotrienes (LTs) and their receptors in adenotonsil-
lar tissues of children with obstructive sleep apnea (OSA) suggest that LT antagonists could be
useful in treating OSA.
Methods: The effects of LTD4 and of LT receptor antagonists zileuton, montelukast, and BAY
u9773 were examined on mixed cell cultures prepared from dissociated tonsils or adenoids
harvested intraoperatively from children with polysomnographically diagnosed OSA. Prolifera-
tion was assessed by 3[H]-thymidine incorporation, and inflammatory cytokine production (tumor
necrosis factor [TNF]-�, interleukin [IL]-6, IL-8, IL-10, and IL-12) was assessed in supernatants
using enzyme-linked immunosorbent assay.
Results: LTD4 elicited dose-dependent increases in adenotonsillar cell proliferation
(p < 0.001; n � 12). All LT antagonists exhibited dose-dependent reductions in adenotonsil-
lar cellular proliferation rates, with montelukast more than BAY u9773 more than zileuton
(n � 14/group; p < 0.001). However, BAY u9773 showed partial agonist effects and increased
cellular proliferation at higher concentrations (10�4 mmol/L; p < 0.01; n � 12). LTD4 effects
were partially blocked by montelukast and BAY u9773 but not by zileuton. All three
antagonists reduced TNF-�, IL-6, and IL-12 concentrations, with selective changes in IL-8
and no effects on IL-10 levels.
Conclusions: LT pathways mediate intrinsic proliferative and inflammatory signaling path-
ways in adenotonsillar tissues from children with OSA, and targeted pharmacologic disrup-
tion of these pathways may provide nonsurgical alternatives for prevention and treatment of
this disease. (CHEST 2009; 135:1142–1149)

Abbreviations: cysLT � cysteinyl leukotriene; ELISA � enzyme-linked immunosorbent assay; LT � leukotriene;
OSA � obstructive sleep apnea; PBS � phosphate-buffered saline; T&A � tonsillectomy and adenoidectomy;
TNF � tumor necrosis factor

O bstructive sleep apnea (OSA) is a frequent
condition in children characterized by habit-

ual snoring and increased upper airway resistance
during sleep, leading to partial or complete inter-
mittent obstructive events of the upper airway, hy-
poxemia and hypercapnia, and recurrent arousals.1 It
has now become clear that although craniofacial, struc-
tural, and neuromuscular factors also play a role,
hypertrophy of adenotonsillar tissues is by far the
predominant etiologic factor involved in pediatric OSA,
even if obesity has emerged as another major contrib-
utor to pediatric OSA.2,3 As such, the severity of OSA
correlates with adenoid and tonsillar size, and surgical

excision of these tissues are consequently accompanied
by significant clinical improvements.4–7

In the past few years, we and others have shown8,9

evidence of inflammation in both nasal and oropha-
ryngeal mucosa in children with OSA, and we sur-
mised that inflammatory processes may underlie
increased adenotonsillar proliferation. Indeed, intra-
nasal corticosteroids have shown favorable outcomes
in children with OSA, and their use for periods of 4
to 6 weeks has been associated with improvements in
the respiratory disturbance during sleep and partial
involution of adenoidal hypertrophy.10–14 Further-
more, increased concentrations of leukotrienes (LTs) in
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tonsils and upper airway condensate in children with
OSA along with a relatively high abundance of LT
receptors in these tissues suggested that LT pathways
may contribute to the proliferative status of adenoton-
sillar tissues,15,16 and in fact, improvements in sleep
disturbances occurred after treatment in an open-label
trial of children with mild OSA.17

We recently developed18 a novel method allowing
for in vitro cell culture of tonsils and adenoids
derived from children undergoing tonsillectomy and
adenoidectomy (T&A). We hypothesized that LT
antagonists would lead to dose-dependent reduc-
tions in cellular proliferation and increased apoptosis
in whole tonsillar and adenoid cell cultures obtained
from children with OSA, and that these effects
would be associated with a decreased production of
proinflammatory cytokines.

Materials and Methods

Subjects

The study was approved by the University of Louisville Human
Research Committee, and informed consent was obtained from the
legal caregiver of each participant. Assent was also obtained from
children � 7 years of age. Consecutive children who underwent
tonsillectomy for OSA were identified before surgery and recruited
into the study. Overnight polysomnography was performed using
standard methods that have been published in detail elsewhere.19

OSA was considered to be present when the obstructive Apnea-
Hypopnea Index was � 5 h of total sleep time in the context of
habitual snoring in otherwise healthy children without any chronic
disorders requiring treatment with medications (including topical or
systemic antiinflammatory or antihistaminic medications), or with-
out any known genetic or craniofacial syndromes.

Cell Culture

Surgically removed tonsils and adenoids from children with
OSA were immediately placed in ice cold phosphate-buffered

saline (PBS) solution plus antibiotics, Sample processing was
initiated within 30 min under aseptic conditions. Briefly, tonsils
or adenoids were washed thoroughly with PBS solution, manually
dissected into Petri dishes, and gently grounded with a syringe
plunger through a 70-� mesh screen to obtain a mixed cell
suspension through mechanical dissociation. RBCs were re-
moved by lysis buffer. Cell viability of all specimens was deter-
mined by trypan blue exclusion. Specimens with a viability of
� 75% were discarded. Cell cultures were established in stan-
dard medium RPMI 1640 supplemented with 10% heat-inacti-
vated fetal bovine serum plus antibiotics, which included strep-
tomycin, Fungizone, gentamicin, and penicillin to prevent
bacterial and fungal contamination. Mixed cell suspensions were
transferred onto 96-round bottom-well plates at a concentration
of 1 � 106 cells/well. Cells were cultured in a 5% CO2 incubator
at 37°C for 72 h. Cells were also cultured using 24-well plates to
determine proinflammatory cytokine levels. Cultures were also
exposed to LTD4 or to LT antagonists, with control conditions
corresponding to the addition of the diluent alone. LTD4 was
purchased from Cayman Pharma (catalog No. 20310; Neratovice,
Czech Republic). A lipoxygenase inhibitor (zileuton; Sigma-
Aldrich; St. Louis, MO), a cysteinyl LT (cysLT) receptor 1
antagonist (montelukast; Sigma-Aldrich), and a dual cysLT re-
ceptor 1 and 2 antagonist (BAY-u9773; Biomol Research Labo-
ratories; Plymouth Meeting, PA),20 were added to the medium
24 h after plating to achieve final concentrations ranging from
10�3 to10�8 mmol/L.

Proliferation Assay

Cells were incubated for the final 18 to 20 h of the 72-h culture
with 0.0185 MBq (0.5 �Ci) 3[H]-thymidine in complete medium
(Amersham Biosciences; Little Chalfont, UK). Cells were then
harvested onto glass-fiber filters with a cell harvester, and
radioactivity was measured in a liquid scintillation counter. All
experimental conditions were always performed in triplicate, and
3[H]-thymidine uptake results were expressed as the average of
the three wells in counts per minute.

Immunohistochemistry

Coronal sections (40 �m) of tonsils were initially incubated in
1xcitrate buffer (Lab Vision Corporation; Fremont, CA) at 95°C
for 45 min, washed several times in PBS solution, and blocked
with a PBS/0.4% Triton X-100/0.5% signal amplifier solution
(TSA; Perkin Elmer Life Sciences; Boston, MA) blocking re-
agent/10% normal horse serum for 1 h. Sections were then
serially incubated with anti-CD4 antibody (1:300; Santa Cruz
Biotechnology; Santa Cruz, CA) or anti-cysLT1 receptor antibody
(1:1000; BD Pharmagen; San Jose, CA) at 4°C for 24 h, and then
washed in PBS solution six times for 5 min each wash. Sections
were incubated at room temperature for 1 h in horse antimouse
biotinylated antibody (1:400; Vector Laboratories; Burlingame,
CA) in a PBS/0.4% TSA blocking reagent/10% horse serum
solution, and then with streptavidin-horseradish peroxidase di-
luted 1:100 in PBS/0.5% TSA blocking reagent solution. Subse-
quently, the sections were incubated with TSA fluorescein
reagents diluted 1:50 in amplification diluent (Perkin Elmer Life
Sciences) for 2 min. Sections were then washed and mounted
onto glass slides. Negative controls were prepared by either
omitting the primary or the secondary antibody. Sections were
prepared from five sets of tonsils from OSA subjects, and they
were visualized using a fluorescent microscope by an investigator
who was blinded to the sample source.
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Cytokine Assays

Concentrations of tumor necrosis factor alpha (TNF-�), inter-
leukin (IL)-6, IL-8, IL-10, and IL-12 were measured using
commercially available enzyme-linked immunosorbent assay
(ELISA) kits from the supernatants of mixed tonsillar cell
cultures incubated in 24-well flat-bottom plates in complete
RPMI medium supplemented with 10% FBS in the presence or
absence of LT antagonists. Supernatants were collected after 48 h
and stored at �80°C until assay. Selection of these particular
cytokine assays was based on previous experience with some of
the proinflammatory mediators,18 and it also aimed to explore
other cytokines associated with the activity of the predominant
cell types in tonsillar tissues. TNF-� levels were measured
according to manufacturer’s instructions using a high-sensitivity
ELISA assay able to detect concentrations as low as 0.09 pg/mL
(BioSource Europe S.A.; Nivelles, Belgium). IL-8 was evaluated
using a commercial ELISA kit (R&D Systems; Minneapolis, MN)
with a detection range between 0 and 2000 pg/mL. To determine
IL-6 concentrations, the IL-6 EASIA assay (BioSource Europe
S.A.) was used. Commercial kits were used for IL-10 (OptEIA
Kit 555157; BD Biosciences; San Diego, CA) and for IL-12
(R&D Systems; Minneapolis, MN). The concentrations of cyto-
kines in the supernatants were normalized to the number of cells
plated and expressed as pg/106 cells. For all assays, calibration
curves were performed in duplicate for each experiment.

Statistical Analysis

All data were expressed as mean � SE, unless stated other-
wise. Statistical analyses were performed using SPSS software
(version 16.0; SPPS Inc.; Chicago, IL). For normally distributed
data, analysis of variance, followed by post hoc tests was used.
Cytokine data were not normally distributed and were therefore
log-transformed and compared using nonparametric tests (Mann-
Whitney). To determine whether significant differences in po-
tency occurred among the various LT modifier compounds,
multivariate analyses of variance with Scheffe post hoc tests were
used. All p values reported are two-tailed with statistical signifi-
cance set at � 0.05.

Results

Study Population

A total of 52 children out of 54 suitable candidates
with a clinical and polysomnographic diagnosis of
OSA undergoing T&A agreed to participate and
completed the study. The two children who did not
participate were similar in every clinical aspect to
those included in the study. Of the 52 collected
samples, only 49 samples could be processed be-
cause in 3 samples, trypan blue exclusion tests
showed excessive cell death (� 25%), which in pre-
liminary experiments has been shown to be associ-
ated with unpredictable response patterns.

Table 1 shows the demographic characteristics and
major overnight polysomnographic findings for the 49
participants. Of note, the extent of tissue availability
constrained the number of experimental conditions
that were possible for every patient recruited, such that
the number of subjects included in each experiment
varied and is indicated as appropriate.

Cell Proliferation Assays

Basal proliferative rates for mixed cell cultures
derived from either tonsils or adenoids were similar,
and therefore data sets were combined. To assess the
effect of LT on basal proliferation, initial experi-
ments were conducted using LTD4. Figure 1 shows
the responses to incremental doses of LTD4 on
3[H]-thymidine incorporation, whereby LTD4 in-
creased cellular proliferation rates in this mixed cell
culture system and exhibited dose-dependent re-
sponses (p � 0.001; n � 12).

The addition of zileuton, montelukast, or BAY
u9773 to the adenotonsillar mixed cell culture system
elicited dose-dependent reductions in cell prolifera-
tion (Fig 2). However, although these three com-
pounds displayed overall qualitatively similar effects,
there were several differences. First, zileuton re-
quired higher doses (10�4 mmol/L; n � 14) to in-
duce reductions in proliferative rates compared to

Table 1—Demographic and Polysomnographic
Characteristics in 49 Children With OSA

Undergoing T&A*

Characteristics OSA (n � 49)

Age, yr (range) 5.7 � 0.5 (2.1–8.2)
Gender, % female 47
African American, % 39
BMI z score 1.31 � 0.19
AHI (/h TST) 13.2 � 1.3
Nadir Sao2, % 81.5 � 1.9
Arousal index (/h TST) 19.1 � 3.8

*AHI � Apnea-Hypopnea Index; BMI � body mass index;
Sao2 � arterial oxygen saturation; TST � total sleep time.

Figure 1. Effects of log increases in LTD4 concentrations on
tonsillar cellular proliferation in children with OSA in a mixed
cell culture system. The y axis is displayed in a logarithmic scale.
CO � control.
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either montelukast (10�6 mmol/L; n � 14;
p � 0.001) or BAY u9773 (10�6 mmol/L; n � 12;
p � 0.001). Second, Bay u9773 had an antagonistic
effect at lower concentrations, but at high concen-
trations it seemed to induce a partial agonist effect as
well (p � 0.01 vs dose leading maximal inhibition;
n � 12) [Fig 2]. Third, LTD4 was added to the
medium at a concentration leading to robust increases
in proliferation (ie, 5 � 10�7 mmol/L), zileuton at the
effective concentration of 10�4 mmol/L had no effects
(difference not significant; n � 8) [Fig 2], whereas both
montelukast (10�6mmol/L; n � 10) and BAY u9773
(10�6 mmol/L; n � 7) reduced LTD4 effects (p � 0.01
for both compounds).

Tonsil Immunohistochemistry

We have previously shown that cysLT receptors
are abundantly expressed in tonsils of children with
OSA. A recent report16 further suggested that T cells
are the predominant cell type harboring cysLT re-
ceptors. We therefore conducted double-label im-
munohistochemical assessment of five tonsils, and
assessed whether CD4(	) T cells and cysLT1 recep-
tor co-localize. CD4(	) lymphocytes constitute most
of the cells in the tonsillar extrafollicular areas, and

the vast majority of cysLT1(	) cells co-localize with
CD4(	) lymphocytes (Fig 3).

Cytokine Assays

Basal release of TNF-�, IL-8, and IL-6 to the
supernatants was increased in tonsillar cultures from
children with OSA after addition of LTD4 (Fig 4;
n � 8). Addition of LT antagonists induced signifi-
cant reductions in proinflammatory TNF-�, IL-6,
and IL-12 cytokine production (p � 0.001; n � 8)
[Fig 4], but it did not affect IL-8 and IL-10 produc-
tion (n � 8; difference not significant).

Discussion

The present study shows that addition of LTD4 to
a dissociated mixed cell culture system of adenoids
and tonsils derived from children with OSA induces
increased proliferative responses and release of
proinflammatory cytokines. Furthermore, treatment
with LT antagonists not only markedly reduces prolif-
eration in a dose-dependent fashion, but it also reveals
striking differences in the potencies of zileuton, mon-
telukast, and the cysLT receptor 1 and 2 antagonist,

Figure 2. Cellular proliferative responses to increasing log concentrations of zileuton (left top),
montelukast (right top), and BAY u9773 (bottom) in a adenotonsillar mixed cell culture system. On the
right-hand side of each graph, the proliferative response to 5 � 10�7 mmol/L (M) LTD4 and the effect
of one of the three drugs, that is, zileuton (10�4 mmol/L), montelukast (10�6 mmol/L), and BAY u9773
(10�6 mmol/L), on LTD4-induced proliferation changes are also shown. * � vs control (CO);
p � 0.001; # � vs LTD4; p � 0.01; § � 10�5 mmol/L vs 10�4 mmol/L BAY u9773; p � 0.01.
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BAY u9773. Interestingly, the latter also exhibits
partial agonist effects at higher concentrations. The
effect on proliferative rates by LT antagonists is also
accompanied by reductions in the production and
release of the proinflammatory cytokines TNF-�,
IL-6, and IL-12. Taken together, we would surmise
that the reported beneficial effects of anti-LT ther-
apy to reduce the severity of sleep-disordered
breathing in children17 may be due to their effects on
proliferative and inflammatory pathways within the
tonsils and adenoids, and that the in vitro approach
reported here may provide new inroads into develop-
ment of novel nonsurgical therapeutic approaches aim-
ing to resolve OSA in children.

Previous work from our laboratory and others
would clearly suggest that tonsillar tissues of children
with OSA differ from those of children with other
conditions (eg, recurrent tonsillar infections).8,15–18 The
global findings would suggest that tonsils from OSA
children exhibit increased inflammatory markers, and
that these inflammatory mediators may in turn underlie

prominent components of the pro-proliferative path-
ways that ultimately lead to adenotonsillar hypertrophy
and OSA. Under such hypothetical framework, in-
creased expression of LT receptors and increased LT
concentrations in the adenotonsillar tissues of children
with OSA15–17 provided further rationale for the use of
anti-LT compounds to reduce the proliferation of
upper airway lymphadenoid tissue and to promote the
involution of the latter, thereby reducing or resolving
the underlying respiratory disturbances during sleep.

Some technical and methodological issues deserve
specific comment. First, the cohort included in the
present study was not specifically and objectively
screened for the presence of allergic rhinitis or
asthma, even though subjects were not receiving any
topical or systemic medications at the time of the
surgical extirpation of adenotonsillar tissues. An in-
creased prevalence of allergic symptoms and asthma
has been reported in children with OSA.21–23 How-
ever, the mixed tissue cell culture system used in this
study should permit future assessment of the effect

Figure 3. Representative overlaid microscope images of CD4 and cysLT1 cellular expression from
intact tonsillar tissues in children with OSA. Expression of CD4 (green) and cysLT1 receptor (red)
immunoreactivity is abundant, and colocalization occurs frequently (top left, A, �20 magnification;
bottom left, B, and top right, C, �40 magnification; bottom right, D, �100 magnification). Similar
findings emerged in the tonsils of five OSA subjects.
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of allergic conditions, such as allergic rhinitis or
asthma, on the differential responses to LT antago-
nists. In addition, we did not specifically determine
the proliferating cell type(s) within the adenoids and
tonsils that are affected by alterations in LT bioavail-
ability. Based on the relative abundance of CD4	 T
lymphocytes that express cysLT 1 receptors, as evi-
denced by the immunohistochemical approaches (Fig
3), we would surmise that these cells represent one of
the primary targets for LT modifier therapy. However,
T cells do not appear to express cysLT1 receptors in
human bronchial mucosa,24 even if peripheral T cells
do express these receptors.25

The potential application of LT antagonists as a
treatment strategy aiming to reduce adenotonsillar
size in pediatric OSA was initially advanced after
increased expression of cysLT receptors and ele-
vated cysLT concentrations were found in these
tissues among children with OSA.15,17 The initial
findings from an open-label trial using montelukast
in mild OSA were encouraging,17 particularly when
considering the risks for potential postoperative
complications in the context of surgical treatment.
The patients in this open-label trial were selected by
design to have very mild OSA, and such an approach
would have clearly reduced the potential magnitude

of the biological effects of LT modifiers on adeno-
tonsillar tissues, such that a more comprehensive
assessment of the magnitude of the effect of LT
modifiers remains to be defined.17 However, al-
though a randomized double-blind study is currently
under way for pediatric OSA in our program (Clin-
ical Trials.gov identifier: NCT00599534), neither the
optimal dosage nor the duration of therapy have
been defined, and in addition, there is a pressing
need to identify specific OSA subgroups that may
either be more or less responsive to treatment with
LT modifiers. Finally, it remains unclear whether
addition of other antiinflammatory agents, such as
topical corticosteroids,26 may further enhance the
potential beneficial effects of LT-targeted therapies.
All of these questions can be critically examined, at
least in preliminary fashion, by employing the in
vitro adenotonsillar mixed culture system used in the
present study.

The biological potency of the three LT modifiers
used in this study differed, with montelukast display-
ing the greatest potency in our mixed cell system
proliferation assay. These findings were somewhat
anticipated, particularly when considering the previ-
ously reported differences in bioaffinity and activity
among these compounds.27–29 Indeed, montelukast

Figure 4. Concentrations of TNF-�, IL-6, IL-8, IL-10, and IL-12 in the supernatants of tonsillar cell cultures in basal conditions (CO
[control]), after stimulation with LTD4 (5 � 10�7mmol/L), and after stimulation with LTD4 but in the presence of effective
concentrations of zileuton (ZI; 10�4 mmol/L; n � 8), montelukast (MO; 10�6 mmol/L; n � 10), and BAY u9773 (BAY; 10�6 mmol/L;
n � 7). LTD4-increased production of TNF-�, IL-6, and IL-12, all LT antagonists, reduced this effect (p � 0.01); only cysLT antagonists
attenuated IL-8 release (p � 0.05). The y axis in the upper-panel graphs is displayed in a logarithmic scale.
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has a 20-fold higher relative affinity for the cysLT1
receptor than BAY u9773,27 and the latter has not
only cysLT2 receptor antagonistic properties but also
partial agonist properties, particularly at higher con-
centrations.27 The rationale for exploring the poten-
tial advantages of zileuton was based on its inhibitor
properties of the 5-lipoxygenase pathway, which
results in the formation of LTs, including LTB4 and
the cysLT, and thus activates all four known LT
receptors: BLT1, BLT2, cysLT 1, and cysLT 2. A
2007 reformulation30 of this compound into an effec-
tive controlled-release oral agent in the management of
asthma further enhances its potential for use in the
treatment of pediatric OSA. However, our findings
would suggest a relatively lower potency and efficacy
for zileuton in the context of pediatric sleep-disor-
dered breathing, particularly when considering not
only the higher concentrations required for reducing
proliferative rates in adenoids and tonsils but also its
lower antiinflammatory effect, as evidenced by the
less prominent reductions in proinflammatory cyto-
kines in the supernatants. These findings were some-
what anticipated based on the following consider-
ations: the concentrations of LTs (both B4 and
cysLT) were previously found to be increased in
tonsillar tissues of children with OSA.17 Therefore,
even without addition of LTD4, blocking of the
cysLT receptor with montelukast should theoreti-
cally reduce the proliferative stimulus conferred by
LTs, and in fact these predictions were confirmed by
the experimental data. As far as the zileuton effect,
this compound would, as already mentioned, block
5-lipoxygenase, and therefore would reduce or block
altogether the intrinsic production of LTs, therefore
leading to an antiproliferative effect. However, when
such effect of zileuton was bypassed by addition of the
downstream product (ie, LTD4), then zileuton should
not be and indeed was not effective in reducing cellular
proliferation. Notwithstanding, although the mecha-
nisms underlying the different responses have yet to be
precisely delineated, and the usefulness of any of the
three agents remains to be established in the clinical
setting, current findings would support the use of
montelukast as the first choice in the anti-LT arma-
mentarium.

T-cell lymphocytes appear to be the predominant
cell type in tonsils of children with OSA, and these
lymphocytes also harbor cysLT receptors 1 and 2 in
higher abundance.16 Our study not only confirmed
the presence of cysLT receptors among T lympho-
cytes, but it further indicated that CD4 	 T cells in
tonsils are the most probable target for the biological
effects of LT antagonists. Published evidence would
support a role for cysLT in T-cell lymphocyte pro-
liferation and activation,25,31 and furthermore, T-cell
proliferation leads to proinflammatory cytokine pro-

duction in adenotonsillar tissues.32,33 Thus, future
studies should explore the specific effects of cysLT 1
and 2 receptor antagonists on the proliferation of
T-cell subsets in adenotonsillar cultures in children
with OSA.

In summary, tonsils and adenoids obtained from
children with OSA undergoing T&A display reductions
in cellular proliferative rates and in proinflammatory
cytokine production when treated with LT antagonists.
Furthermore, the relative potency of the three anti-LT
agents used in the study was highest for montelukast
and lowest for zileuton. These findings support the use
of tonsillar or adenoidal tissue cell cultures as a poten-
tially useful approach for in vitro exploration and
identification of the cellular subpopulations associated
with increased LT production in pediatric OSA, and for
assessment of therapeutic efficacy of anti-LT com-
pounds in eliciting involution of the lymphadenoid
hypertrophy that underlies OSA in children.
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